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SKP1 Connects Cell Cycle Regulators
to the Ubiquitin Proteolysis Machinery
through a Novel Motif, the F-Box
Chang Bai,† Partha Sen,† Kay Hofmann,§ as a specificity factor to recruit substrates for the E2. The
end result is the polyubiquitination of proteins, whichLei Ma,† Mark Goebl,‖ J. Wade Harper,†
targets them for destruction by a complex proteaseand Stephen J. Elledge*†‡
called the proteosome. Protein degradation is a particu-*Howard Hughes Medical Institute
larly effective method for promoting unidirectional pro-†Verna and Marrs McLean Department of Biochemistry
gression in the cell cycle because of its irreversibility.‡Department of Molecular and Human Genetics
Currently, three major cell cycle transitions, entry intoBaylor College of Medicine
S phase, separation of sister chromatids, and exit fromHouston, Texas 77030
mitosis, are known to require the degradation of specific§Bioinformatics Group
proteins.Swiss Institute for Experimental Cancer Research
Sic1p inhibits Clb/Cdc28 kinases and its destructionCH-1066 Epalinges s/Lausanne
is required for S phase entry (Schwob et al., 1994). Sic1pSwitzerland
is synthesized late in mitosis and is destroyed after‖Department of Biochemistry and Molecular Biology
START (Donovan et al., 1994). In addition to active Cln/Waltham Oncology Center
Cdc28, Sic1p destruction requires CDC4, CDC53, andIndiana University School of Medicine
CDC34. Mutants in these three genes arrest with unrepli-Indianapolis, Indiana 46202
cated DNA and multiple buds and show a common pat-
tern of suppression and enhancement indicating a role
in a common process (Mathias et al., submitted). Dele-Summary
tion of SIC1 allows DNA replication to proceed in these
mutants, but does not suppress lethality (Schwob etWe have identified the yeast and human homologs of
al., 1994). CDC34 encodes an E2 ubiquitin-conjugatingthe SKP1 gene as a suppressor of cdc4 mutants and
enzyme (Goebl et al., 1988) that can catalyze the forma-as a cyclin F–binding protein. Skp1p indirectly binds
tion of polyubiquitin on itself and other substrates (Ban-cyclinA/Cdk2throughSkp2p,and directlybindsSkp2p,
erjee et al., 1993; Deshaies et al., 1995). CDC34 has alsocyclin F, and Cdc4p through a novel structural motif
been implicated in Cln2p destruction (Tyers et al., 1992;called the F-box. SKP1 is required for ubiquitin-medi-
Deshaies et al., 1995). CDC4 encodes a protein withated proteolysis of Cln2p, Clb5p, and the Cdk inhibitor
WD40 repeats (Yochem and Byers, 1987).Sic1p, and provides a link between these molecules
Mitotic cyclin proteolysis is also essential for cell cycleand the proteolysis machinery. A large number of pro-
progression. A- and B-type cyclins contain a motifteins contain the F-box motif and are thereby impli-
known as a destruction box that confers regulated ubi-
cated in the ubiquitin pathway. Different skp1 mutants
quitin-mediated destruction at distinct points in the cy-
arrest cells in either G1 or G2, suggesting aconnection
cle (Glotzer et al., 1991). Cells expressing mutants lack-
between regulation of proteolysis in different stages
ing the destruction box arrest in anaphase (Holloway etof the cycle.
al., 1993; Surana et al., 1993). Cyclin F shows tightly
regulated abundance like cyclin A, but lacks a canonical
Introduction destruction box motif (Bai et al., 1994).Cells overproduc-
ing cyclin F accumulate in G2. In frog and clam egg
Cell cycle transitions are regulated by the activation and extracts, mitotic cyclin destruction involves a large E3
inactivation of cyclin-dependent kinases (Cdks). Cdks complex referred to as the cyclosome or anaphase pro-
are regulated by association with positive regulatory moting complex (APC) (Hershko et al., 1994; King et al.,
subunits known as cyclins, negative regulators known 1995; Sudakin, et al., 1995). In yeast, CDC16, CDC23,
as Cdk inhibitors (CKIs) and by phosphorylation (re- CDC27, and CSE1 are involved in mitotic cyclin destruc-
viewed by Harper and Elledge, 1996). The balance of tion (Irniger et al., 1995) and homologs of CDC16 and
these factors control Cdk activity and serve to integrate CDC27 are found in the Xenopus APC. So far, compo-
signals intended to coordinate cell cycle transitions. The nents of the G1/S and G2/M proteolysis pathways ap-
levels of these proteins are tightly regulated both tran- pear to be distinct.
scriptionally and post-translationally, the latter primarily In addition to cyclins and CKIs, other cell cycle–
achieved by regulated ubiquitin-mediated proteolysis regulated targets for destruction include proteins that
(Glotzer et al., 1991; Schwob et al., 1994; Pagano et al., control sister chromatid separation atkinetochores (Hol-
1995; reviewed by Deshaies, 1995). The formation of loway et al., 1993; Irniger et al., 1995; King et al., 1995;
ubiquitin–protein conjugates usually requires the se- Tugendreich et al., 1995). Ubiquitin-mediated proteoly-
quential action of three enzymes. A ubiquitin-activating sis is required for anaphase entry and, while cyclin B
enzyme, E1, uses ATP to form a thioester bond between destruction normally occurs then, cyclin B destruction
itself and ubiquitin. E1 then transfers ubiquitin to a ubi- is not required for that transition. The separation of sister
quitin-conjugating enzyme, E2. Finally, ubiquitin can be chromatids can proceed in the presence of mutant
transferred to the substrate either directly by an E2 or cyclins that cannot be degraded in mitosis (Holloway
by an E2 acting together with a ubiquitin–protein ligase, et al., 1993; Surana et al., 1993), indicating a second
E3. In the latter case, it is not clear whether the E2 proteolysis target for sister chromatid separation. The
identity of this target is unknown and it is an outstandingtransfers the ubiquitin to the E3, or whether the E3 acts
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question as to how the APC is targeted to kinetochores 1996). Furthermore, two novel proteins, Skp1p and
Skp2p, have been found associated with cyclin A/Cdkor cyclins.
How the timing and selectivity of destruction is con- complexes but not cyclin B/Cdk complexes (Zhang et
al., 1995). These proteins are candidates for mediatorstrolled is also not clear. There is no evidence that
CDC34-dependent ubiquitin conjugating activity is reg- of stage- and cyclin-specific ubiquitin-dependent de-
struction.ulated, suggesting that the substrates themselves may
be activated. Support for this hypothesis comes from Here, we report the identification of a yeast gene,
SKP1, that is required for both theG1/S and G2/M transi-the fact that cln2 mutants lacking Cdk phosphorylation
sites have greatly enhanced stability (Lanker et al., tions and is involved in the proteolysis of the Sic1p
protein through interactions with Cdc4p. Skp1p has also1996). For mitotic cyclin destruction, it appears that the
APC is activated at mitosis by mitotic cyclin/Cdks (Her- been found to associate with cyclins A and F, and with
kinetochores in yeast (Connelly and Hieter, 1996). Thus,shko, et al., 1994; King et al., 1995; Sudakin, et al., 1995)
and inactivated at START by G1 cyclin/Cdks (Amon, SKP1 may provide a common link between these mole-
cules and the proteolysis machinery.et al., 1994). Moreover, subtle substrate-specific timing
differences exist, e.g., cyclin A and cyclin B have a very
similar destruction box sequence but cyclin A is de- Results
graded prior to cyclin B (Evans et al., 1983; Luca et al.,
1991; Hunt et al., 1992). Destruction timing may involve A Yeast and Human Gene Linked to Cell
Cycle Regulators: Connections betweendifferences in either localization of the cyclin/Cdk com-
plexes or the proteins with which they associate. Cyclin/ Suppressors of cdc4 Mutants
Human cyclin F was originally identified as a suppressorCdk-specific binding proteins such as the CKIs show
specificity for cyclin/Cdk binding (Harper and Elledge, of a cdc4-1 mutant (Bai et al., 1994). Two independent
Figure 1. Isolation of the Yeast and Human SKP1 Genes
(A) SKP1 overproduction suppresses the temperature sensitivity of cdc4-1 mutants. Y543 (cdc4-1) cells containing vector alone, pCB1
(GAL–SKP1), pCB2 (GAL–CDC4), or pCB3 (GAL–CLB4), or YL10 (cdc34-2) cells with pCB1 or vector alone were struck on SC2uracil plates
containing galactose as a carbon source and incubated at 258C or 348C for 4 days. pCB1 (GAL–SKP1) failed to suppress cdc4-1 when grown
on media containing glucose as a carbon source (data not shown).
(B) DNA and deduced protein sequence of SKP1.
(C) Alignment of SKP1 homologs and related genes. Amino acid identities are shown as black boxes. Conservative changes are shown as
shaded boxes. S. cerevisiae SKP1 has a 34 amino acid insertion of primarily N, D, and E amino acids in the N-terminal domain. DD is
Dictyostellium discoidium, SC is S. cerevisiae, HS is Homo sapiens, CV is Chlorella Virus, and CE is C. elegans.
(D) Human Skp1p can complement the temperature sensitivity of a skp1-12 mutant. Human SKP1 under GAP promoter control on pAB23 or
pAB23 alone in Y555 (skp1-12) (see below) was streaked onto SC2uracil plates and incubated at 258C or 378C as indicated.
SKP1 Controls the G1-S and G2-M Transitions
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lines of research, one on cyclin F and one on CDC4
identified the human and yeast homolog of the same
gene, SKP1. In a search for yeast overproduction sup-
pressors of cdc4-1 using a Saccharomyces cerevisiae
cDNA library driven by the GAL1 promoter (Liu et al.,
1992), two genes were identified: CLB4 (Bai et al., 1994)
and a novel gene, SKP1 (Figures 1A and 1B).
We also identified the human homolog of SKP1 in a
search for cyclin F binding proteins using the two-hybrid
system (Durfee et al., 1993; Harper et al., 1993). During
the course of this work, human SKP1 was independently
identified as a cyclin A/Cdk2-associated protein called
S phase kinase-associated protein (Skp1p) (Zhang et
al., 1995). Skp1p binds to Skp2p, which binds directly
to cyclin A/Cdk2 complexes. While Skp2p is essential
for S phase entry, the function of Skp1p was unknown.
Yeast and human SKP1, which share 48% identity, are
members of a large family of proteins that have two
domains connected by a linker region (Figure 1C). The
N-terminal domain is related to RNA polymerase elonga-
tion factor p15SIII; the second domain is specific to
SKP1 proteins. Homologs of SKP1 are found in many
species (Figure 1C), and three homologs exist in Caeno-
Figure 2. SKP1 Overproduction Restores the Ability of cdc4-1 Mu-
rhabditis elegans; one (R12H7.3) has a direct repeat of tants to Destroy Sic1p
both domains of Skp1p. Yeast Skp1p has a 30 amino Y543 (cdc4-1) cells containing pCB1 (GAL–SKP1), pCB2 (GAL–
acid insertion in the N-terminal domain relative to human CDC4), pCB3 (GAL–CLB4), or pCB30 (GAP–cyclin F) were grown to
Skp1p. This difference is not critical because high level log phase at 258C in SC2uracil media containing galactose as a
carbon source and shifted to nonpermissive temperature, 348C. To-expression of the human gene can complement the tem-
tal protein was isolated 5 hr after the temperature shift. 100 mgperature sensitivity of skp1-12 mutants (Figure 1D).
of protein was loaded on each lane (SDS–PAGE), transferred to
nitrocellulose, and immunoblotted with anti-Sic1p antibodies (Dono-
van et al., 1994). Protein was detected using enhanced chemilumi-Yeast SKP1, a Suppressor of a Cdk Inhibitor
nescence.Proteolysis Defect
cdc4-1 mutants arrest at the restrictive temperature with
high levels of Sic1p that inhibit the Clb5 and Clb6/Cdc28 shown). Thus, SKP1 and CDC4 are capable of reciprocal
complexes required for S phase entry. Deletion of SIC1 suppression.
allows cdc4 mutants to enter S phase (Schwob et al.,
1994). Given these results, CLB4 and cyclin F suppres- Cyclin F, Cdc4p, and Skp2p Share a Structural
sion of cdc4 mutants is likely due to their potential for Motif, the F-Box, that Is Responsible for
producing active B-type cyclin/Cdk complexes that ti- Binding to Human and Yeast Skp1p
trate out Sic1p. Since human Skp1p can potentially as-
Sequence analysis of cyclin F revealed a motif we
sociate with cyclin F, it raised the possibility that SKP1
have named the F-box that is shared by Cdc4p and
was working in a similar manner to suppress cdc4. If
Skp2p and which may represent a Skp1p interaction
these cdc4 suppressors are bypassing Sic1p destruc-
domain. To examinewhether Cdc4p binds Skp1p in vivo,
tion, they should have high levels of Sic1p. Sic1p levels
yeast cells expressing a biologically active glutathione
in cdc4-1 mutants were measured in the absence or S-transferase (Gst)–Skp1p were made. Cdc4p is found
presence of plasmids expressing CDC4, CLB4, SKP1, in Gst–Skp1p affinity purified complexes (Figure 3A). To
and cyclin F. cdc4 mutants expressing CLB4 or cyclin test whether this association was direct, in vitro trans-
F retain high Sic1p levels equivalent to the vector alone lated Cdc4p was incubated with bacterially expressed
control, consistent with bypass suppression. CDC4 or Gst–Skp1p bound to glutathione beads. Strong reten-
SKP1 expressing cells showed low Sic1p levels (Figure tion of Cdc4p was observed with Gst–Skp1p, while only
2). This indicated that SKP1 was suppressing cdc4 mu-
trace levels were bound by Gst alone (Figure 4C).
tants by a different mechanism, most likely by reactiva-
The ability of Skp1p to bind cyclin A/Cdk2 and cyclin
tion of the cdc4-dependent Sic1p destruction pathway.
F was also examined. As shown previously (Zhang et
al., 1995), Skp1p association with cyclin A/Cdk2 was
dependent upon the presence of Skp2p (see Figure 3B).SKP1 and CDC4 Show Specific and Reciprocal
Suppression Patterns In contrast, large amounts of Skp1p bound to Gst–cyclin
F in the absence of Skp2p (see Figure 3B). CoomassieAlthough CDC4, CDC34, and CDC53 function in the
same pathway, SKP1 overproduction does not suppress staining of bound proteins revealed that cyclin F and
Skp1p were the most abundant proteins, suggesting acdc34-2 (see Figure 1A) or cdc53-2 mutants (data not
shown), indicating specificity for CDC4. Furthermore, in direct association (data not shown). While Skp2p can
associate with cyclin F, it is not required for associationa screen to identify cDNAs capable of suppressing a Ts
skp1 mutant, we found that CDC4 overexpression could of Skp1p with cyclin F. Thus, Skp1p can associate with
multiple cyclins both directly and indirectly. We havesuppress skp1-11 but not skp1-12 mutants (data not
Cell
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searched all known databases and found 28 proteins
containing this motif, nine from S. cerevisiae (Figure 4A).
The similarity searches for the F-box motif definitions
were done using generalized profiles (Bucher et al.,
1996). Site-directed mutants in conserved residues were
constructed to test whether the F-box is required for
binding. Five mutants in the Cdc4p F-box were made:
P279A, I286A, L290A, W316A, and a double mutant
LP278-279AA. These mutant proteins were tested for
binding to yeast Gst–Skp1p. Each mutation significantly
decreased or abolished binding, indicating that the
F-box is required for Skp1p association (Figure 4C). Data
for the last two mutants are not shown but each had
a significant decrease in binding. That this region is
important for CDC4 function is illustrated by the fact
that the temperature-sensitive cdc4-5 mutant changes
an amino acid within the F-box, G300D, adjacent to a
highly conserved F-box residue (J. Rosamond, personal
communication).
SKP1 Is an Essential Gene Required for
Both the G1-S and G2-M Transitions
To determine the genetic function of SKP1, a skp1 dele-
tion was made by precisely replacing the coding se-
quence with the HIS3 gene, using one step gene replace-
ment to make the diploid Y545. Sporulation and tetrad
dissection showed 2:0 segregation for viability, and all
viable spores were His2, indicating that SKP1 is an es-
sential gene.
To further explore SKP1 function, temperature-sensi-
tive skp1 mutants were made using hydroxylamine mu-
tagenesis and a plasmid shuffling technique described
in the Experimental Procedures. Two mutants unable to
grow at 378C were identified, skp1-11 and skp1-12 (Fig-
ure 5A). skp1-11 mutants arrest with both unbudded
and large budded cells with elongated buds (Figure 5C).
Figure 3. Association of Skp1p with Cyclin F and Cdc4p Some of the large budded cells have multiple buds simi-
(A) Protein was isolated from exponentially growing Y80 (wild type, lar tocdc4 mutants. Although the bud arrest morphology
lanes 1–3) carrying pADH–Gst vector alone or pCB23 (ADH–Gst– is not completely homogeneous, these cells are homo-
SKP1), or from Y549 (skp1D 1 pCB23) (lane 4) in SC2leucine media. geneously arrested in G1 with a 1C DNA content (Figure
Total yeast extracts were run as a blotting control in lane 1. In lanes
5B). This indicates that Skp1p is required for S phase2–4,equal amounts of extractswere incubatedwith GSH–Sepharose
entry.and bound proteins immunoblotted with anti-Cdc4p antibodies.
Coomassie staining revealed that two-fold more Gst than Gst–Skp1p Unlike skp1-11 mutants, skp1-12 mutants display a
was isolated. severe defect in progression through mitosis even at the
(B) Association of cyclin F and Skp1p. Gst-cyclins and associated permissive temperature, accumulating as large budded
proteins were isolated from 35S-methionine-labeled insect cells us- elongated cells with a G2 DNA content. After shift to the
ing GSH–Sepharose after co-infection with the indicated baculovi-
nonpermissive temperature, they initially maintain arrestruses and separated by SDS–PAGE. Proteins were visualized by
as large budded cells with elongated buds. Their spin-autoradiography after 10 hr (top) and 40 hr (bottom). The identity of
Skp1p and Skp2p in these complexes was verified by immunoblot- dles are not completely homogeneous with a mixture of
ting with anti-Skp1p and anti-Skp2p antibodies (data not shown). short and elongated spindles. After 3 hr of arrest, z50%
of the cells exit mitosis and arrest with a G1 content,
indicating they also have a G1 defect. Incubation at 378Cconfirmed these results by showing that in vitro trans-
lated cyclin F can bind to bacterially produced Gst– for an additional 3 hr does not change the arrest profile
of the DNA content, indicating that skp1-12 mutantsSkp1p. In reciprocal experiments, we have shown that
the bacterially expressed yeast Gst–Skp1p can bind to arrest in G1 and G2. These results indicate that SKP1
is also required for proper mitosis.in vitro translated cyclin F and bacterially expressed
human Gst–Skp1p can bind to Cdc4p (data not shown), skp1-11 carries two mutations (G539A and G560A),
resulting in G160E and R167K changes in the C-terminalunderscoring the functional conservation between the
Skp1p homologs. domain. Both residues are completely conservedamong
yeast, human, and C. elegans SKP1 genes. skp1-12 hasThe finding that all three proteins containing the F-box
directly bound to Skp1p suggested the F-box was re- a single base change (T83G) resulting in a leucine to
glycine change (L8G) in the N-terminal domain. Thissponsible for binding. Using this homology region, we
SKP1 Controls the G1-S and G2-M Transitions
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Figure 4. Binding of Skp1p Requires a Novel
Structural Motif, the F-Box
(A) F-box alignment. A conserved region be-
tween Skp2p, Cdc4p, and cyclin F was identi-
fied and used to search the database for pro-
teins containing this motif. Only sequences
matching to established profiles with an error
probability p<0.03 were accepted during iter-
ative profile refinement and are shown here.
Error probabilities were estimated as de-
scribed in Hofmann and Bucher (1995).
(B) Schematic representation of additional
motifs found in a subset of F-box proteins. F
represents theF-box, Wrepresents the WD40
repeat motif, and L represents the leucine-
rich repeat motif.
(C) Mutants in conserved residues of the
F-box fail to bind Skp1p. In vitro translated
Cdc4p was used to bind with Gst–Skp1p.
Site-specific mutations in conserved resi-
dues of the F-box, P279A, I286A, and L290A,
were made as described in Experimental Pro-
cedures and labeled with 35S-methionine by
in vitro translation. These proteins were in-
cubated with Gst or Gst–Skp1 protein and
bound proteins were detected on SDS–PAGE
by autoradiography. Lanes with Gst and Gst–
Skp1p were incubated with 10 times the
amount of in vitro labeled protein as com-
pared with the in vitro translated lane.
suggests that the different domains of Skp1p may have min or less and was significantly stabilized in skp1-11
mutants (Figure 6A; data not shown). Both skp1-11 anddistinct roles in different cell cycle phases. These mu-
tants do not show interallelic complementation, indicat- Skp1 cells maintained the same DNAcontent throughout
the experiment (Figure 6B), indicating that the differ-ing that they are defective in some common, as well as
unique, functions (data not shown). ences in Sic1p stability are not due to differences in cell
cycle position. Furthermore, endogenous Sic1p levels
increase in skp1-11 (but not skp1-12) mutants arrested
at 378C, although to a lesser extent than seen in cdc4Sic1p Stability Is Increased in skp1-11 Mutants
mutants (data not shown). These results indicate thatCDC4, 34, and 53 have been implicated indirectly in
Skp1p is involved in Sic1p proteolysis.Sic1p proteolysis. To examine whether Skp1p has a role
in Sic1p destruction, the stability of Sic1p expressed
from a plasmid was measured in wild-type and skp1-11 skp1, cdc4, cdc34, and cdc53 Mutants Arrest
in G1 Because of Sic1p Accumulation andmutants. Cells were arrested in S phase with hydroxy-
urea (HU) at a point where endogenous Sic1p transcrip- Are Sensitive to the Dosage of Sic1p
Since skp1 mutants are defective in Sic1p proteolysis,tion is repressed, shifted to 378C, and SIC1 expression
was induced by addition of galactose. Transcription was overproduction of Sic1p might exacerbate the pheno-
type of skp1 mutants. SIC1 overproduced from GAL1repressed then by addition of glucose and Sic1p decay
was measured over time by immunoblotting. A plasmid promoter was lethal in skp1-11 mutants at 308C, but not
in Skp1 cells, consistent with a defect in Sic1p proteoly-expressing CLN2 from the ADH promoter was included
because of the possibility that Sic1p phosphorylation sis (Figure 7A). Although Sic1p does not accumulate in
skp1-12 mutants, they may be weakly defective in itsby Cln/Cdc28 complexes is required for its destruction.
Sic1p was unstable in Skp1 cells with a half-life of 10 metabolism because SIC1 overexpression causes slow
Cell
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Figure 5. skp1 Ts2 Mutations Are Defective in G1 and G2 Transitions
(A) Temperature-sensitive skp1 mutants were generated using hydroxylamine mutagenesis and a plasmid shuffling protocol as described in
Experimental Procedures. Y81 (SKP1), Y553 (skp1-11), and Y555 (skp1-12) mutant strains were struck onto YEDP plates and incubated at the
permissive (258C) or nonpermissive (378C) temperatures and photographed after 2 days.
(B) Strains in (A) were incubated at 378C for the indicated times and DNA content was determined by flow cytometry after propidium iodide
staining.
(C) Phenotype of skp1-11 and skp1-12 mutants at the nonpermissive temperature. Photomicrographs of Y553 (skp1-11) and Y555 (skp1-12)
cells grown in YEPD media at 258C (OD600 5 0.1), shifted to 378C, and incubated for 5 hr prior to fixation and staining. Nuclear morphology
was visualized by DAPI.
growth at 348C. SIC1 overproduction is also lethal in This is consistent with the interpretation that the skp1-11
mutant is only partially defective for Sic1p proteolysis.cdc4 and cdc53 mutants and severely slows cdc34 mu-
tants, lending further support for a common defect in To test the hypothesis that skp1-11 mutants are ar-
rested prior to S phase owing to accumulation of Sic1p,Sic1p proteolysis (Figure 7B). Examination of the pheno-
typesof skp1-11 cells revealed that SIC1 overproduction we constructed skp1-11 sic1::TRP1 double mutants.
While skp1-11 mutants exit an a-factor block but do notresulted in a small number of multiply budded cells in
a wild-type background (5%)but a much higher percent- enter S phase, the skp1sic1 double mutant enters S
phase, albeit more slowly than wild type, and arrests inage of multiply budded cells in a skp1 mutant (28%).
SKP1 Controls the G1-S and G2-M Transitions
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Figure 6. SKP1 Controls Sic1p Stability
(A) Wild-type (Y81) and skp1-11 (Y553)
mutants containing pCB24 (GAL–SIC1) and
pMT527 (ADH–CLN2) were grown in selective
SC media containing raffinose and arrested
in S phase with 200 mM HUfor 2 hr. Galactose
(2% w/v) was added for 1.5 hr to induce SIC1
expression and cells were shifted to 378C for
30 min. Cells were then resuspended in glu-
cose media at 378C (2% w/v) and samples
were taken at the indicated time, protein pre-
pared, and immunoblotted with anti-Sic1p
antibodies. Lanes 1 and 6 marked by an aster-
isk above represent control samples arrested
in HU just prior to addition of galactose.
(B) DNA content for the samples correspond-
ing to the time points shown in (A). Asy refers
to asynchronous samples prior to treatment
with HU.
(C) Wild-type (Y80), skp1-11 (Y552), skp1-11
sic1D::TRP1 (Y563), and sic1D::TRP1 (Y564)
strains were grown at 258C and synchronized
in G1 with a-factor. Cells were shifted to 378C
for 90 min andthen released from the a-factor
block at 378C. Samples were taken at the indi-
cated time and DNA content determined.
G2 (see Figure 6C), indicating that Sic1p accumulation is olysis targets, the yeast cyclins. CLN2 overexpression
had a profound effect, killing skp1-12 mutants at allresponsible for the Cdc phenotype of skp1-11 mutants.
temperatures (Figure 7A). CLB2 overexpression was not
toxic (data not shown). Since CLN2 overproduction spe-skp1-12 Mutants Are Lethal in Combination
with Cln2p Overproduction and Are cifically kills skp1-12 and not skp1-11 mutants, it is likely
due to an incompatibility with the defect unique to skp1-Defective in Cln2p Proteolysis
Cyclins are among the main proteolysis targets impor- 12 mutants and may indicate that Cln2p metabolism
is altered. CLN2 overproduction is also toxic to cdc34tant for cell cycle regulation. Therefore, we examined
genetic interactions of SKP1 with other potential prote- mutants that are defective in Cln2p proteolysis (Des-
Cell
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measured over time byimmunoblotting (Figure 7C). Both
skp1-11 and skp-12 mutants show increased Clb5p sta-
bility. However, only skp1-12 mutants showed a pro-
nounced stabilization of Cln2p, consistent with the le-
thality observed by CLN2 overproduction. Equivalent
results were obtained for Cln2p destruction when cells
were synchronized in S phase with HU (data not shown).
Discussion
Three cell cycle transitions require the degradation of
specific proteins; entry into S phase (CKIs), separation
of sister chromatids (anaphase inhibitory factors), and
exit from mitosis (mitotic cyclins). Each of these requires
degradation of one or more proteins essential for the
transition and also other proteins whose presence may
interfere with future events, e.g., Cln2p. In this study,
we have identified an evolutionarily conserved gene,
SKP1, that is connected to these three groups of func-
tions and to the proteolysis machinery, possibly indicat-
ing a common mechanism for these events. The strong-
est evidence, summarized below, links yeast Skp1p to
the proteolysis of the CKI Sic1p and the cyclins Cln2p
and Clb5p. Additional data indicate its association with
the other critical targets of cell cycle transitions. Mam-
malian Skp1p can bind to Skp2/cyclin A/Cdk2 and cyclin
F. Both of these cyclins are unstable proteins. The signif-
icance of this binding has not been determined yet but
is likely to provide a link to the proteolysis machinery.
Skp1p is also associated with the kinetochore in yeast
(Connelly and Hieter, 1996), the site of sister chromatid
separation, another event dependent upon proteolysis.
These connections indicate that SKP1 is a molecule of
central importance to a number of cellular processes.
Figure 7. SKP1 Controls Cyclin Stability
(A) Y81 (SKP1), Y553 (skp1-11), and Y555(skp1-12) containing vector
The Role of SKP1 in the G1 to S Phasealone, or pCB24 (GAL–SIC1) or pMT634 (GAL–CLN2) were streaked
Transition: Promoting CKI Degradationupon SC2uracil media containing either glucose or galactose as a
carbon source and incubated at the indicated temperature. Certain alleles of skp1 specifically arrest in G1 and fail
(B) Y543 (cdc4-1), YL10 (cdc34-2), and WX131-2c (cdc53-2) con- to properly degrade Sic1p although other START-
taining vector alone, or pCB24 (GAL–SIC1) were streaked upon dependent events, such as budding, occur. Failure to
SC2uracil media containing either glucose or galactose as a carbon
enter S phase is due to a defect in Sic1p degradationsource as indicated and incubated at the temperature indicated.
because deleting SIC1 allows these cells to enter S(C) Y556 (wild type), Y557 (skp1-11), and Y558 (skp1-12) containing
phase and arrest with a G2 DNA content. One essentialpMT634 (GAL–CLN2-3HA) or pWS945 (GAL–CLB5-3HA) were grown
in SC2uracil raffinose media and arrested in G1 with a-factor. Then role in G1 is likely to involve facilitating the function of
cells were shifted to 378C for 30 min before galactose was added Cdc4p in promoting Sic1p proteolysis. This conclusion
(2% w/w final) and incubated for 1 hr to induce expression. Cells is supported by the following facts: SKP1 overproduc-
were resuspended in glucose media at 378C (2% w/w) at time 5 0 tion suppresses a cdc4-1 mutant; CDC4 overproduction
and samples were taken at 20 min intervals, protein prepared, and
can suppress a skp1-11 mutant; skp1 mutants, like cdc4immunoblotted with anti-hemagglutinin antibodies.
and cdc53 mutants, are killed by overexpression of
Sic1p; and Skp1p binds to Cdc4p in vitro and in vivo.
haies et al., 1995). Alternatively, since Cln2p/Cdc28p Furthermore, Sic1p is the critical proteolysis substrate
activity is thought to inactivate APC in late G1, it is required for S phase entry in skp1-11 mutants.
possible that the G2 defect in skp1-12 is in APC function
that is further exacerbated by CLN2 overexpression.
To examine cyclin metabolism in these mutants, a The Role for SKP1 in the G2/M Transition:
Promoting Proteolysis?Cln stability assay was performed at the nonpermissive
temperature. Cells were arrested in G1, shifted to 378C, skp1-12 mutants are defective in mitotic entry. While
we have no direct evidence that the function responsibleand epitope-tagged cyclin expression was induced by
addition of galactose. Cyclin transcription was then re- for this defect involves proteolysis, this is a distinct pos-
sibility given the skp1-12 defect in cyclin proteolysis,pressed by addition of glucose, and cyclin decay was
SKP1 Controls the G1-S and G2-M Transitions
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the role of SKP1 inG1/S, and the importance of proteoly- suggested to play a role in regulation of the APC (Lahav-
Baratz et al., 1995).sis to mitosis. SKP1 is involved inchromosome segrega-
tion and is present in kinetochore complexes (Connelly Eight proteins, including Cdc4p and Met30p, have
WD40 repeats. It is not known what Cdc4pbinds throughand Hieter, 1996). While speculative, it is possible that
SKP1 is involved in localizing the APC to kinetochores these repeats, although phosphorylated Sic1p is a pos-
sibility. Met30p associates with a transcriptional activa-to promote destruction of proteins that maintain the
cohesion of sister chromatids. Mutants defective in APC tor, Met4p, and negatively regulates its function in the
presence of methionine (Thomas et al., 1995). It is notfunction such as cdc16, cdc23, and cdc27 have chromo-
some segregation defects like skp1 mutants. Alterna- known whether this involves proteolysis of Met4p, al-
though association with Skp1p raises this possibility.tively, SKP1 may facilitate ubiquitination that serves a
regulatory function other than proteolysis. Many F-box-containing proteins do not have addi-
tional motifs. Intriguingly, two viral proteins, adenovirusGiven its association with mitotic cyclins in mammals,
SKP1 may also play a role in metabolism of yeast mitotic E3-12.9K and baculovirus ORF11, appear to essentially
encode only an F-box. We also have observed that acyclins. SKP1 represents the first component of the
G1/S proteolysis pathway that also functions in G2. It SKP1-related gene is present on Chlorella virus (Figure
1C). Given the propensity of viruses to subvert cell cyclewill be of interest to determine whether other members
of the CDC34/4/53 family also function in G2. The fact regulation to facilitate their replication, it is possible that
the ubiquitin-mediated proteolysis pathway is also athat a cdc4sic1 double mutant arrests in G2 suggests
that this whole complex may also berequired for mitosis. target of viral manipulation. Perhaps by overproduction
of an F-box, the virus can inhibit degradation of specificHowever, this G2 arrest could result from the defective
execution of a G1 function that triggers a G2 checkpoint. subsets of proteins, such as cyclins, to enhance its repli-
cative capacity or promote the degradation of specific
inhibitory proteins. Alternatively, these proteins may tar-
The F-Box, a New Motif in Protein Degradation, get the destruction of particular proteins antagonistic
Links Skp1p to a Large Number of Proteins to virus survival.
Skp1p binds to both human and yeast proteins through
a conserved structural motif called the F-box. There are
currently 28 genes in the database that contain many Possible Roles of Skp1p in Cell
Cycle–Regulated Destructionor all of the conserved residues in this motif that we
have shown to be important for binding Skp1p. This is We would like to propose a speculative model in which
Skp1p may act as a central component of an E3 complexa conservative estimate since more divergent members
may fail the stringent parameters of our analysis. This of proteins. In some circumstances, it may directly con-
tact substrates, such as in the case of cyclin F, andis a large number of genes and points to a potentially
wide network of interactions. Since C. elegans has sev- regulate their destruction. Under other circumstances,
it may bind to “adaptor molecules,” such as Cdc4p,eral SKP1-related genes, it is likely that mammals and
other metazoans will also, adding further layers of com- Grr1p, and Skp2p, which may directly contact proteoly-
sis substrates. Two facts argue that F-box proteins areplexity to the network.
Potentially interesting is the fact that 50% of F-box more likely to be further removed from the ubiquination
machinery than SKP1. First, there are many more F-boxproteins have additional motifs involved in protein–
protein interaction (Figure 4B), a frequency significantly proteins than SKP1-like genes so far. One would expect
more E3 proteins than central components becausehigher than non-F-box-containing proteins. Four pro-
teins, including Skp2p, have a series of leucine-rich re- there are many potential substrates. Secondly, some
F-box proteins are likely to be substrates or directly bindpeats. Skp2p binds to both cyclin A/Cdk2 and to cyclin
F, possibly through these repeats. One feature shared substrates, and are therefore furthest removed from the
machinery itself. Whether Skp1p acts as a ubiquitin li-between the SKP1-associated cyclins A and F is the
timing of their destruction. Both are destroyed prior to gase itself or merely directs substrates to Cdc34p or
other E2 proteins remains to be determined. Althoughcyclin B (Evans et al., 1983; Bai et al., 1994). Cyclin A
requires Cdk binding for destruction (Stewart et al., it shares nosequence homology with knownE3 ubiquitin
ligases, Skp1p homologs do contain an invariant cyste-1994) and for optimal Skp2p association. A second con-
nection between SKP function and cyclin proteolysis ine, C152 in yeast SKP1 (Figure 1C). Cysteines are the
site of ubiquitin linkage in E1 and E2 proteins. Whilecomes from the observation that the gene most closely
related to SKP2 in yeast is GRR1 (Flick and Johnston, there is no evidence that Skp1p is regulated, its role in
both G1/S and G2/M transitions, like Cdc28p, make it1991). Both proteins have the same leucine repeat motif
and both contain an F-box (Figure 4B). GRR1 is required a potential target of cell cycle checkpoint pathways that
arrest the cell cycle in response to DNA damage, rep-for Cln1p and Cln2p proteolysis (Barral et al., 1995),
suggesting that Skp2p might also function in an analo- lication blocks, or spindle defects. It is also possible
that Skp1p functions in non–cell cycle pathways, e.g.,gous manner with cyclin A. Whether these correlations
are mere coincidences or indicate a link to the proteoly- through the MET30 gene, and perhaps in nonproteolysis
capacities.sis machinery will require further experimentation. If a
link to the proteolysis machinery exists, it could target Although we have proposed a positive role in promo-
tion of proteolysis, it is formally possible that Skp1pcyclins or CKIs for destruction. Alternatively, Skp1p
association could target active Cdks to targets in the might stabilize other proteins required for proteolysis
and thereby function indirectly. This seems unlikely butproteolysis machinery. Cdk phosphorylation has been
Cell
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K, tagaaaatctacatcgttggcgaaaaaacttctgat;remains a possibility. Furthermore, although we have
L, atcagaagttttttcgccaacgatgtagattttcta;evidence for a role in proteolysis, it is quite possible that
M, ggacctaataacgtctgcggcttttgaaataagttt;in some circumstances Skp1p association with F-box
N, aaacttatttcaaaagccgcagacgttattaggtcc;
proteins will result in events unrelated to proteolysis. O, ttttgaaataagtttgaaagctttcaattatttgcaatt;
P, aattgcaaataattgaaagctttcaaacttatttcaaaa;
Q, taatacgactcactatagggcgaattcgtttttatttttaattttctttcaaatacttccaccUbiquitin-Mediated Proteolysis and Cancer
atggggtcg tttcccttagctg;
Zhang et al. (1995) observed increased levels of Skp1p R, ggtcatggtattatagttgtc.
and Skp2p associated with cyclin A/Cdk2 in several
transformed cell lines and suggested that the increase Plasmid Constructions
pCB1, 2, and 3 are plasmid suppressors of cdc4-1 mutants andin these proteins may contribute to the transformed
correspond to SKP1, CLB4, and CDC4, respectively. The 1.2 kbstate. The fact that many transformed cells express
insert of SKP1 cDNA was excised as a BamHI–NotI fragment fromhigher levels of Skp2p in association with cyclin A may
pCB1 and cloned into BglII–NotI pcDNA3 (Invitrogen) to generateindicate alteration of the ubiquitin-mediated destruction
pCB5. A 2.7 kb genomic polymerase chain reaction (PCR) fragment
pathway. Since it is clear that this proteolysis pathway of SKP1 from 1.2 kb 59 to 0.8 kb 39 of the open reading frame
is essential for many important cell cycle events, such was made with primers E and F and cloned into pCRII (Invitrogen),
generating pCB12. SKP1 on a SacI–XbaI fragment from pCB12 wasas chromosome segregation, alteration may enhance
cloned into SacI–XbaI-cleaved pRS415 to generate pCB6.genomic instability, as is thecase for skp1 mutants (Con-
SKP1 with NcoI at its initiation codon and BamHI at the 39 endnelly and Hieter, 1996). Alternatively, the failure to prop-
was generated by PCR using primers C and D and cloned intoerly degrade certain cyclins or constitutive degradation
NcoI–BamHI-cleaved pGEX2TKcs (XbaI) to create pCB21, which
of CKIs could directly alter growth control. Recent sup- expresses Gst–Skp1p in bacteria, and into pADH–Gst to generate
port for a role for proteolysis in growth control comes pCB23 for Gst–Skp1p expression in yeast. pCB31 was generated
by cloning SalI–BglII fragment from pCB30 into BamHI–SalI-cleavedfrom phenotypes of C. elegans cul-1 mutants. cul-1 en-
pBS II KS(1). For expression of Gst–cyclin F in insect cells, a 3.8codes a CDC53 homolog and mutants in cul-1 result in
kb XbaI–BglII fragment containing the cyclin F open reading frameadditional cell proliferation (Kipreous et al., 1996).
fused to Gst was cloned into pVL1393 and virus generated usingSKP1 is clearly important for several cell cycle events.
Baculogold transfer DNA (Pharmingen).
Each skp1 mutant phenotype, cell cycle arrest in G1 and
in G2, and chromosome instability, potentially could be Strain Constructions
explained by its role in promoting proteolysis. In addi- Yeast strains are listed in Table 1.
A skp1::URA3 replacement allele was made by transforming ation, its ability to associate with proteins through F-box
URA3 gene flanked by 40 nt of SKP1 homology on each end bybinding has implicated a new family of genes in ubiqui-
PCR using primer A and primer B and pRS406, into CRY3 to maketin-mediated proteolysis. Although the biochemical and
Y544. URA3 in Y544 was then replaced by HIS3 using a ura3::HIS3
genetic analysis of SKP1 has identified a potentially SmaI fragment cleaved from pUH7 (F. Cross, unpublished data) to
important component in the control of proteolysis, it generate Y545. Y545 containing pCB1 (SKP1URA3) were sporulated
raises a number of questions. For example, if Skp1p is and germinated on YPGal media. His1 haploids, such as Y546, al-
ways contained pCB1 and were sensitive to growth on media con-recruiting substrates and E3 proteins to the proteolysis
taining 5-fluororotic acid (5-FOA).machinery, what determines which proteins in the com-
skp1-11 and skp1-12 mutant alleles were subcloned by ligatingplex are degraded? Also, what is Skp1p contacting in
the 2.7 kb KpnI–SacI fragment from pCB8 and pCB9 into KpnI–SacI-
the machinery itself? Do F-box proteins constitute a new cleaved pRS406 to make pCB14 and pCB15. pCB14 and pCB15
family of E3 proteins or proteolysis substrates? Finally, were linearized by partial digestion with HindIII and transformed
do some tumor cells have defects in ubiquitin-mediated into Y81 selecting for Ura1 colonies and screened by Southern analy-
sis for homologous integration events. These strains were selectedproteolysis of particular substrates? While many of the
on 5-FOA media for excision events and screened for Ts phenotyperoles of SKP1 have not been fully elucidated, the current
to generate Y553 (skp1-11) and Y555 (skp1-12). These strains wereinsight into its function should provide a perspective
crossed to Y80 and sporulated to generate Y552 and Y554.
from which to directly approach these questions.
Generating Conditional SKP1 Alleles
Hydroxylamine mutagenesis of pCB6 was carried out according toExperimental Procedures
Rose et al. (1993). We selected 2 3 104 transformants in Y546 on
SC2leucine plates and screened for growth at 378C by replica-Media and Yeast Manipulations, Yeast Strains,
plating onto SC2uracil plates and 5-FOA plates. Four clonesPlasmids, and Primers
showed temperature-sensitive growth on SC2leucine 1 5-FOABasic yeast manipulations and media were as described in Rose et
plates but not on SC2uracil plates. Plasmids were recovered inal. (1990). Yeast strains and plasmids used in this study are listed
Escherichia coli and retransformed into Y546 to confirm the Ts phe-in Table 1. Primers used are referred to by letters and have the
notype, and two plasmids, pCB7 (skp1-11) and pCB8 (skp1-12),following sequences:




Viruses for Skp1p and Skp2p were from previous studies (Zhang etC, gaacccatggtgacttctaatgttgtcc;
D, gcaaggatcctaacggtcttcagcccattc; al., 1995). For protein production, 2 3 106 Sf9 cells were infected
with the indicated virus or combination of viruses for 40 hr, at whichE, atacctcgagcaaagtctagtgaaagc;
F, gcaaggatccttattgagacgatatctg; time cells were labeled with Translabel (ICN) for 4 hr using standard
procedures. Lysates were prepared by disrupting cells in 400 ml ofG, ggacctaataacgtctttggcttttgaaataagttt;
H, aaacttatttcaaaagccaaagacgttattaggtcc; NETN (20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP-
40) containing 10 mM NaF, 25 mM b-glycerolphosphate, followedI, tttgaaaattttcaattatgcgcaattcgaggatat;
J, atatcctcgaattgcgcataattgaaaattttcaaa; by centrifugation (15 min at 14,000 g). Gst-fusion proteins from 100




Y80 MATa, can1-100, ade2-1, his3-11,-15, leu2-3,-112, trp1-1, ura3-1
Y81 MATa, can1-100, ade2-1, his3-11,-15, leu2-3,-112, trp1-1, ura3-1
CRY3 Y80 3 Y81
Y543 As Y81 but cdc4-1
Y544 As CRY3 but skp1D::URA3/SKP1
Y545 As CRY3 but skp1D::HIS3/SKP1
Y546 As Y81 but skp1D::HIS3 1 pCB1(URA3::GAL10-SKP1)
Y547 As Y80 but skp1D::HIS3 1 pCB1(URA3::GAL10-SKP1)
Y549 As Y80 but skp1D::HIS3 1 pCB23(LEU2::GST-SKP1)
Y550 Y81 1 pCB23(LEU2::GST-SKP1)
Y552 As Y80 but skp1-11
Y553 As Y81 but skp1-11
Y554 As Y80 but skp1-12
Y555 As Y81 but skp1-12
Y556 As Y80 but skp1D::HIS3 1 pCB6(SKP1)
Y557 As Y80 but skp1D::HIS3 1 pCB7(skp1-11)
Y558 As Y80 but skp1D::HIS3 1 pCB8(skp1-12)
Y563 As Y80 but skp1-11 sic1D::TRP1
Y564 MATa,his3-11,15, leu2-3,-112, trp1, ura3, sic1D::TRP1
YL10 MATa, cdc34-2, his3D, ura3-52, trp1-D63, leu2D
MGG12 MATa, cdc53-1, trp1-1, ura3-52, his3D, ade2
WX131-2c MATa, cdc53-2, trp1-7, ura3-52, ade2
ml of lysate were purified using 10 ml of GSH–Sepharose (48C for 1 Generation of F-Box Point Mutants
A two-step PCR method (948C for 1 min, 528C for 45 sec, 728C forh) and complexes washed three times with 1 ml of binding buffer
prior to electrophoresis on 12% SDS–polyacrylamide gels and auto- 1.5 min for 30–35 cycles) was used for generating point mutants in
CDC4. The primers were designed to include an upstream T7 pro-radiography.
moter sequence for T7 transcription. The Expand PCR system
(Boehringer Mannheim) was used for all PCR reactions. PrimersSkp1p/Cdc4 Binding
used in addition to primers Q and R were, for the P279A mutation,For Skp1p and Cdc4p binding, Gst–Skp1p (pCB23) was expressed
G and H, for the I286A, O and P, for L290A, I and J, for W316A, Kin Y80 and extracts prepared as described (Buchman et al., 1988),
and L, and for LP278-279AA, M and N.except that 0.3 M ammonium sulfate was not used. Gst–Skp1p and
associated factors were purified using glutathione Sepharose from
2 mg of cell extract. After 3 washes in NETN, bound proteins were Acknowledgments
resolved in SDS–polyacrylamide gel electrophoresis (SDS–PAGE)
and immunoblotted with antibodies against Cdc4p. For the in vitro Correspondence should be addressed to S. J. E. We thank M. Tyers,
M. Mendenhall, A. George, L. Johnston, B. Futcher, F. Cross, S.binding assay, 1 mg of Gst, Gst–Skp1p, and Gst–Cdc4p expressed
in E. coli and bound to glutathione Sepharose beads were incubated Johnson, H. Zhang, and M. Kuroda for comments, helpful discus-
sions, and/or reagents. We thank C. Connelly, P. Hieter, J. Rosa-for 2 hr with in vitro translated, 35S-labeled protein (TNT Promega)
at 48C in NETN buffer containing protease inhibitors, washed 33 mond, and M. Tyers for sharing results prior to publication. We thank
D. Leibhamfor excellent technical support. This work was supportedwith the same buffer. Bound proteins were resolved using SDS–
PAGE and autoradiographed. by a NIH grants GM44664 and AG11085. S. J. E. is a PEW Scholar in
Table 2. Plasmids
Plasmid Relevant Markers Base Vector Source
pCB1 GAL-SKP1, URA3, CEN4, ARS1 pRS316 This study
pCB2 GAL-CLB4, URA3, CEN4, ARS1 pRS316 This study
pCB3 GAL-CDC4, URA3, CEN4, ARS1 pRS316 This study
pCB5 SKP1 cDNA pcDNA3 This study
pCB6 SKP1, LEU2, CEN4, ARS1 pRS415 This study
pCB7 skp1-11, LEU2, CEN4, ARS1 pRS415 This study
pCB8 skp1-12, LEU2, CEN4, ARS1 pRS415 This study
pCB12 SKP1 pTA This study
pCB14 skp1-11 URA3 pRS406 This study
pCB15 skp1-12, URA3 pRS406 This study
pCB21 SKP1 pGEX2TKcs (Xba) This study
pCB23 GST-SKP1 LEU2 2m pADHGST This study
pCB24 GAL-SIC1 URA3 CEN4, ARS1 pRS416 This study
pCB30 GAP-cyclin F URA3 2m pAB23BXN Bai et al., 1994
pCB31 cyclin F pBSKSII(1) Bai et al., 1994
pMT634 GAL-CLN2 URA3 LEU2 pRS316 M. Tyers
pMT527 ADH-CLN2 LEU2 pRS315 M. Tyers
pWS12933 GAL-CLB2 URA3 YCplac133 M. Tyers
pWS945 GAL-CLB4 URA3 YCplac133 W. Seufer
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